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PP4 (dipeptidyl peptidase 4) inhibitors are antidiabetic drugs for treatment of type 2 diabetes mellitus. DPP4 metabolizes incretin hormones, such as gastric inhibitory peptide and glucagon-like peptide 1, and, as a result, DPP4 inhibitors increase systemic levels of incretin hormones that augment insulin release. 1 Of concern, however, is the fact that DPP4 metabolizes at least 45 known peptides, 2-4 a finding that implies DPP4 inhibition augments levels of a multitude of potentially biologically active peptides, some of which may entail risks. The kidney and heart (major organs damaged by diabetes mellitus and hypertension), for example, are likely exposed to high levels of neuropeptide Y (NPY ) and peptide YY (PYY ), both of which are potent endogenous agonists of Gi-coupled Y 1 receptors (Y 1 Rs). 5, 6 However, the biological activities of these peptides are curtailed by DPP4, which efficiently converts PYY to PYY and NPY to NPY by cleaving 2 amino acids from the N-terminus of PYY and NPY . 1, 3 Although PYY and NPY are potent Y 1 R agonists, PYY and NPY are inactive at Y 1 Rs. 5, 6 Consequently, it is likely that DPP4 inhibitors chronically increase Y 1 R activation by reducing the metabolism (inactivation) of NPY and PYY . Attenuation of the metabolism of NPY and PYY by DPP4 inhibitors may have adverse consequences. Our recently published results show that NPY and PYY , but not NPY or PYY , stimulate proliferation of and extracellular matrix production by cardiac fibroblasts (CFs), preglomerular vascular smooth muscle cells (PGVSMCs), and glomerular mesangial cells (GMCs). 7, 8 Moreover, our results
show that the effects of NPY and PYY are mediated by Y 1 Rs, are greater in cells from animals with genetic hypertension (spontaneously hypertensive rats [SHRs] ), and are enhanced by inhibition of DPP4. 7, 8 Because activation of CFs can lead to cardiac fibrosis and heart failure 9 and activation of PGVSMCs and GMCs can lead to renovascular hypertrophy, glomerulosclerosis, renal fibrosis, and renal failure, 10 these results indicate that we must more thoroughly investigate the effects of DPP4 inhibitors on growth responses to DPP4 peptide substrates. Anti-AKT total (Abcam) 1:1000 (4°C, 18 
Clinical Perspective
What Is New?
• The chemokine SDF-1a (stromal cell-derived factor 1a) stimulates the proliferation and hypertrophy of and collagen production by cardiac fibroblasts (CFs), preglomerular vascular smooth muscle cells (PGVSMCs), and glomerular mesangial cells (GMCs).
• DPP4 (dipeptidyl peptidase 4) inhibition augments the effects of SDF-1a on CFs, PGVSMCs, and GMCs.
• The effects of SDF-1a on CFs, PGVSMCs, and GMCs are enhanced in cells from genetically hypertensive animals.
• A 3-way interaction among SDF-1a, DPP4 inhibition, and a hypertensive genetic background augments proliferation and hypertrophy of and collagen production by CFs, PGVSMCs, and GMCs.
• SDF-1a stimulation of cell proliferation involves CXCR4 (C-X-C motif chemokine receptor 4) receptors, which, via Gbc, activate the PLC (phospholipase C)/PKC (protein kinase C)/ Src/ERK1/2 (extracellular signal-regulated kinases 1 and 2) and PI3K (phosphatidylinositol 3-kinase)/AKT pathways, with convergence at the level of cyclin D1.
What Are the Clinical Implications?
• SDF-1a activates CFs, PGVSMCs, and GMCs, and this provides a scientific basis for the growing body of evidence that SDF-1a promotes cardiac and renal fibrosis.
• DPP4 inhibition and a hypertensive genetic background augment the ability of SDF-1a to activate CFs, PGVSMCs, and GMCs; therefore, patients with high circulating or local levels of SDF-1a who are hypertensive and being treated for diabetes mellitus with DPP4 inhibitors may have an elevated risk of cardiorenal fibrosis.
• CXCR4 antagonists may prevent organ fibrosis in hypertensive or diabetic patients treated with DPP4 inhibitors.
• Inhibition of RACK1 (receptor for activated C kinase 1) may protect against organ fibrosis.
To follow up on our findings with NPY 1-36 and PYY , we are currently investigating other DPP4 substrates that activate Gi-coupled receptors and thus might affect proliferation of and extracellular matrix production by CFs, PGVSMCs, and GMCs when DPP4 is inhibited. In this regard, we are presently examining SDF-1a (stromal cell-derived factor 1a) because (1) SDF-1a is an excellent substrate for DPP4 (ie, DPP4 removes 2 amino acids from the N-terminus of SDF-1a 11 ); (2) full length SDF-1a (consists of amino acids 1-68) is a potent agonist at CXCR4 receptors, whereas the truncated SDF-1a (composed of amino acids 3-68) is inactive at CXCR4 receptors 11 ; and (3) like Y 1 Rs, CXCR4 receptors are Gicoupled. 12 In this article, we report the effects of SDF-1a-in both the absence and the presence of DPP4 inhibition-on proliferation of, hypertrophy of, and collagen production by CFs, PGVSMCs, and GMCs. Our previous results demonstrate that SHR CFs, PGVSMCs, and GMCs respond more vigorously to NPY and PYY 1-36 than do Wistar-Kyoto rat (WKY) cells; therefore, we examined the effects of SDF-1a in cells isolated from both SHR and normotensive WKYs. Finally, because our results indicated that SDF-1a robustly stimulates CFs, PGVSMCs, and GMCs, we also elucidated the receptor mediating the effects of SDF-1a in SHR and WKY CFs, PGVSMCs, and GMCs and investigated the signal transduction system responsible for the growth effects of SDF-1a.
Methods

Materials
Chemicals were from the following sources: SDF-1a (ProSpec); sitagliptin (Merck); AMD3100 (R&D Systems); pertussis toxin, U73122, GF109203X, PD98059, PP1, rapamycin, and LY294002 (Sigma-Aldrich). 
Animals
Cells were isolated from adult (%12 weeks of age) male normotensive WKYs and SHRs from Charles River Laboratories. The institutional animal care and use committee approved all procedures. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, 2011). All experiments used cells arising from multiple, different cultures.
Culture of CFs
Rat CFs were isolated, cultured, and characterized, as described recently. 8 
Culture of PGVSMCs
Rat PGVSMCs were isolated, cultured, and characterized, as described recently. 13 
Culture of GMCs
Rat GMCs were isolated, cultured, and characterized, as described previously. 14 
Proliferation (Cell Number) Studies
Cells were maintained in DMEM/F12 containing 10% fetal bovine serum under standard tissue culture conditions. Subconfluent cultures were growth-arrested for 2 days in DMEM/F12 Figure 3 . Bar graphs depict the concentration-dependent effects of SDF-1a (stromal cell-derived factor 1a; 1, 3, and 10 nmol/L) on cell number (A and B), 3 H-leucine incorporation (C and D), and 3 H-proline incorporation (E and F) in cardiac fibroblasts (CFs) from spontaneously hypertensive rats (SHR; A, C, and E) and normotensive Wistar-Kyoto rats (WKY; B, D, and F) in the absence and the presence of sitagliptin (1 lmol/L). Each P value at the top of each main panel is the 3-way interaction P value from a 3-factor ANOVA. These P values demonstrate that the strain from which the cells were derived (SHR vs WKY) interacts with sitagliptin to determine the overall effects of SDF-1a on cell number, 3 H-leucine incorporation, and 3 H-proline incorporation. Each P value at the top of each subpanel is the 2-way interaction P value from a 2-factor ANOVA. These P values demonstrate that for all 3 variables and for both SHR and WKY CFs, sitagliptin augmented responses to SDF-1a. containing 0.4% bovine serum albumin. Next, cells were placed in DMEM/F12 containing a low concentration of platelet-derived growth factor-BB (25 ng/mL) and then treated every day for 4 days without or with various treatments. Finally, cells were harvested, and cell number was quantified using a Nexcelom Cellometer Auto T4 cell counter (Nexcelom Bioscience).
Collagen Synthesis ( 3 H-Proline Incorporation) Studies
Cells were allowed to proliferate to confluence in DMEM/F12 supplemented with 10% fetal bovine serum under standard tissue culture conditions and then rendered quiescent in DMEM supplemented with 0.4% bovine serum albumin. To initiate collagen synthesis, confluent, growth-arrested cells were placed in DMEM supplemented with platelet-derived growth factor-BB (25 ng/mL) and 3 H-L-proline (2 lCi/mL) and containing or lacking the various treatments. After 36 hours, the experiments were terminated by washing cells twice with phosphate-buffered saline and twice with ice-cold trichloroacetic acid (10%). The precipitate was solubilized in 0.5 mL of 0.3 N NaOH and 0.1% SDS and radioactivity determined in the precipitate using a liquid scintillation counter.
Hypertrophy ( , 3 H-leucine incorporation (C and D), and 3 H-proline incorporation (E and F) in preglomerular vascular smooth muscle cells (PGVSMCs) from spontaneously hypertensive rats (SHR; A, C, and E) and normotensive Wistar-Kyoto rats (WKY; B, D, and F) in the absence and the presence of sitagliptin (1 lmol/L). Each P value at the top of each main panel is the 3-way interaction P value from a 3-factor ANOVA. These P values demonstrate that the strain from which the cells were derived (SHR vs WKY) interacts with sitagliptin to determine the overall effects of SDF-1a on cell number, 3 H-leucine incorporation, and 3 H-proline incorporation. The significant 2-way interaction P values in subpanels (A, C, E, and F) demonstrate that sitagliptin augmented responses to SDF-1a. In WKY PGVSMCs, SDF-1a and sitagliptin modestly enhanced cell number or 3 H-leucine incorporation, but the interaction was not significant. *Significant difference (P<0.05; Fisher least significant difference test) between the indicated concentration of SDF-1a and the basal values (ie, values in the absence of SDF-1a) for the indicated variable. † Significant difference (P<0.05; Fisher least significant difference test) between sitagliptin-treated and non-sitagliptin-treated cells at indicated concentrations of SDF-1a. Values are means and SEM.
for 3 H-proline incorporation; however, the cells were exposed to the various treatments for 20 hours, and then at 5 hours before termination, the cells were pulsed with 3 H-L-leucine (2 lCi/mL).
Western Blotting
Western blotting was performed, as described previously. 15 For a list of antibodies and conditions, see Table. Real-Time Polymerase Chain Reaction
Real-time polymerase chain reaction for CXCR4 was performed, as described previously. 15 Forward and reverse primers were 5 0 -gctgaggagcatgacagaca-3 0 and 5 0 -gatgaaggccaggatgagaa-3 0 , respectively.
DPP4 Activity Measurements
DPP4 activity was determined in cell extracts using the BioVision DPP4 Fluorometric Assay Kit.
RACK1 Knockdown
RACK1 was knocked down in CFs using a lentivirus encoding a RACK1 29-bp short hairpin RNA (shRNA). See Zhu et al 8 for details regarding our method for generating the RACK1 shRNAencoding lentivirus and transducing CFs with this construct. The P values at the top of the main panels for 3 H-leucine incorporation (C and D) and 3 H-proline incorporation (E and F) are the 3-way interaction P values from a 3-factor ANOVA. These P values demonstrate that the strain from which the cells were derived (SHR vs WKY) interacts with sitagliptin to determine the overall effects of SDF-1a on 3 H-leucine incorporation and 3 H-proline incorporation. For cell number, however, the strain9sitagliptin9SDF-1a interaction was not significant. The P values at the top of subpanels (A, B, C, E, and F) are the 2-way interaction P values from a 2-factor ANOVA. These P values demonstrate that sitagliptin augmented responses to SDF-1a. In WKY GMCs, SDF-1a and sitagliptin modestly enhanced 3 H-leucine incorporation, but the interaction was not significant. *Significant difference (P<0.05; Fisher least significant difference test) between the indicated concentration of SDF-1a and the basal values (ie, values in the absence of SDF-1a) for the indicated variable. † Significant difference (P<0.05; Fisher least significant difference test) between sitgliptin-treated and non-sitagliptintreated cells at indicated concentration of SDF-1a. Values are means and SEM.
0 -cAMP was measured using ultraperformance liquid chromatography-tandem mass spectrometry, as described recently. 16 
Statistical Analyses
Values are presented as meanAESEM. Statistical analysis was performed using appropriate models of ANOVA, followed by the Fisher least significant difference test if the overall effects or interactions in the ANOVA were significant. P<0.05 was considered statistically significant.
Results
Expression of CXCR4 Receptors in CFs, PGVSMCs, and GMCs
To determine whether SHR and WKY CFs, PGVSMCs, and GMCs express CXCR4 receptors (ie, the receptor for SDF-1a), Figure 6 . Bar graphs summarize changes (y-axes) induced by SDF-1a (stromal cell-derived factor 1a; 10 nmol/L) in cell number (A and B), 3 H-leucine incorporation (C and D), and 3 H-proline incorporation (E and F) in cardiac fibroblasts (CFs) from spontaneously hypertensive rats (SHR; A, C, and E) and normotensive Wistar-Kyoto rats (WKY; B, D, and F) under 4 different conditions: (1) without sitagliptin and without AMD3100 (À/À), (2) without sitagliptin but with AMD3100 (À/+), (3) with sitagliptin but without AMD3100 (+/À), (4) both with sitagliptin and with AMD3100 (+/+). The concentrations of sitagliptin and AMD3100 were 1 and 10 lmol/L, respectively. Each P value at the top of each subpanel panel is the 2-way interaction P value from a 2-factor ANOVA. These P values demonstrate that for both SHR and WKY CFs, AMD3100 inhibited the response to SDF-1a, and more so in cells cotreated with sitagliptin because in the presence of sitagliptin there was more response to inhibit. *Significant difference (P<0.05; Fisher least significant difference test) between À/À vs À/+ or between +/À vs +/+. † Significant difference (P<0.05; Fisher least significant difference test) between À/À vs +/À. Values are means and SEM.
respectively; n=3; P=0.0409; %33% increased CXCR4-receptor protein expression in SHR versus WKY CFs). Four days of treatment with SDF-1a (10 nmol/L) plus sitagliptin (1 lmol/ L) significantly (P=0.0064) but modestly reduced CXCR4 receptor protein expression in both WKY and SHR CFs. In PGVSMCs and GMCs, however, CXCR4 receptor protein expression was not greater in SHR versus WKY cells and was not reduced by chronic treatment with SDF-1a plus sitagliptin ( Figure 2) . Together, these data show that CFs, PGVSMCs, and GMCs express the receptor for SDF-1a and do so both in the presence and the absence of chronic treatment with SDF1a plus sitagliptin. Moreover, it is unlikely that differences in CXCR4 receptor expression between SHR versus WKY cells could account for any differential responses to SDF-1a between SHR versus WKY cells.
DPP4 Activity in CFs, PGVSMCs, and GMCs
Using real-time polymerase chain reaction and western blotting, our previous work established that CFs, PGVSMCs, and GMCs express DPP4 (the enzyme that metabolizes and inactivates SDF-1a) and that the expression of DPP4 in these cell types is similar in WKYs versus SHRs. 7, 8 We also compared DPP4 activity in WKY versus SHR CFs, PGVSMCs, and GMCs. Our results confirmed that these cell types express DPP4 activity and that the activity of DPP4 is similar in WKY versus SHR cells (7.6AE2.6, 2.9AE0. previously published results, we can conclude that CFs, PGVSMCs, and GMCs express DPP4 and that DPP4 expression is similar in WKY versus SHR cells.
Effects of SDF-1a on Proliferation, Leucine Incorporation, and Proline Incorporation in CFs, PGVSMCs, and GMCs Figure 3 summarizes the concentration-dependent effects of SDF-1a on cell number ( Figure 3A and 3B) , 3 H-leucine incorporation ( Figure 3C and 3D ) and 3 H-proline incorporation ( Figure 3E and 3F) in SHR and WKY CFs (top and bottom panels, respectively). SDF-1a significantly increased all 3 measures of cell growth (in this context, growth means proliferation, hypertrophy, or collagen production) in both SHR and WKY CFs; and the effects of SDF-1a in this regard were significantly greater in the presence of sitagliptin (ie, the P values for the sitagliptin9SDF-1a interactions were significant for all measures of cell growth and in both strains). Moreover, the magnitude of the interaction between sitagliptin and SDF-1a was greater in SHR versus WKY CFs (ie, the P values for the strain9si-tagliptin9SDF-1a interactions were significant for all 3 measures of cell growth). As shown in Figures 4 and 5, the observations described for CFs also apply to PGVSMCs and GMCs, with the 1 exception that in GMCs, the sitagliptininduced enhancement of the effects of SDF-1a on cell number was similar in SHR versus WKY GMCs. Together these data show (1) that SDF-1a stimulates cell proliferation, hypertrophy, and collagen production; (2) that sitagliptin enhances these effects of SDF-1a; and (3) that the ability of sitagliptin to augment the effects of SDF-1a on cell proliferation, hypertrophy, and collagen production is greater in SHR versus WKY cells. 
Role of CXCR4 Receptors in Responses to SDF-1a
Next, we addressed the question of whether the effects of SDF-1a on cell proliferation, hypertrophy, and collagen production are mediated by activation of CXCR4 receptors. Figure 6 illustrates the SDF-1a-induced change in cell number ( Figure 6A and 6B) , 3 H-leucine incorporation (Figure 6C and 6D) , and 3 H-proline incorporation ( Figure 6E and 6F) in SHR and WKY CFs (top and bottom panels, respectively) in the absence and the presence of sitagliptin and with and without AMD3100 (CXCR4 receptor antagonist). We again observed that in both SHR and WKY CFs, SDF-1a enhanced all measures of cell growth; moreover, these effects of SDF-1a were augmented by sitagliptin. Importantly, AMD3100 nearly abolished all effects of SDF1a and SDF-1a plus sitagliptin on all measures of cell growth. As shown in Figures 7 and 8 , the observations described for CFs apply also for PGVSMCs and GMCs. These data support the conclusion that CXCR4 receptors mediate the effects of SDF-1a per se on cell proliferation, Figure 9 . Bar graphs illustrate the effects of SDF-1a (stromal cell-derived factor 1a; 10 nmol/L, with added sitagliptin at 1 lmol/L to enhance the response) on cell number in the absence and the presence of pertussis toxin (A; 100 ng/mL), U73122 (B; 10 lmol/L), GF109203X (C; 10 lmol/L), and PD98059 (D; 10 lmol/L) in cardiac fibroblasts (CFs) from spontaneously hypertensive rats (SHR). Each set of P values in each panel are from a 2-factor ANOVA (factor A, level of SDF-1a; factor B, level of indicated inhibitor). The interaction P values show that the effects of SDF-1a were blocked by the indicated inhibitor. * , †, ‡, § Significant difference (P<0.05; Fisher least significant difference test) from first, second, third, and fourth columns, respectively. Values are means and SEM.
hypertrophy, and collagen production, as well as the augmentation of these effects by sitagliptin.
Mechanism by Which CXCR4 Receptors Activate CFs, PGVSMCs, and GMCs
Having established that SDF-1a and SDF-1a plus sitagliptin increase all measures of cell growth by activating CXCR4 receptors, we then turned our attention to the signaling mechanisms by which CXCR4 receptors stimulate cell growth. In this regard, we focused our studies on cell proliferation (cell number) as the primary measure of cell growth. Our previous studies show that NPY pathway involves Gbc, PLC (phospholipase C), and PKC (protein kinase C), and our additional experiments in PGVSMCs implicate activation of ERKs (extracellular signalregulated kinases), PI3K (phosphatidylinositol 3-kinase), SFKs (Src family kinases), and mTOR (mammalian target of rapamycin). 15 Moreover, we have strong evidence that RACK1
(receptor for activated C kinase 1) scaffolds the Gbc/PLC/ PKC signaling complex in CFs 8 and PGVSMCs. 13, 15 Consequently, our working hypothesis was that the components mentioned are involved in the SDF-1a/CXCR4 receptor signaling pathway. To test our working hypothesis, we examined the effects of SDF-1a on cell number in the absence and the presence of coincubation with pertussis toxin (blocks release of Gbc from Gi), U73122 (PLC inhibitor), GF109203X (PKC inhibitor), PD98059 (MEK/ERK pathway inhibitor), PP1 (SFK inhibitor), rapamycin (mTOR inhibitor), LY294002 (PI3K/AKT pathway inhibitor), and RACK1 shRNA (reduces RACK1 expression). To maximize the growth effects of SDF-1a, mechanistic studies were performed in SHR CFs, and sitagliptin was coadministered with SDF-1a. As demonstrated in Figure 9 , pertussis toxin ( Figure 9A ), U73122 ( Figure 9B ), GF109203X (Figure 9C) , and PD98059 ( Figure 9D ) abolished SDF-1a-induced increases in cell number. Likewise, as shown in Figure 10 , PP1 ( Figure 10A ), rapamycin ( Figure 10B ), LY294002 (Figure 10C) , and RACK1 shRNA ( Figure 10D ) also abolished SDF-1a-induced increases in cell number. Similar findings were observed in PGVSMCs (Figures 11 and 12) and GMCs (Figures 13 and 14) . These data are highly consistent with our working hypothesis.
Our pharmacological experiments indicated a role for ERK, AKT, and SFK in the CXCR4 signaling pathway, leading to enhanced cell proliferation. To further challenge our working hypothesis, we examined the effects of SDF-1a plus sitagliptin in SHR CFs on the expression of activated ERK (phosphorylated on threonine 202/tyrosine 204), activated Src (phosphorylated on Try416), and activated AKT (phosphorylated on threonine 308). We also probed for the expression of retinoblastoma protein phosphorylated on the critical serine 807/811 inhibitory sites and for the expression of key cell cycle-regulating proteins cyclin D1 and cyclin A. As shown in Figure 15 , SDF-1a plus sitagliptin increased phosphorylated ERK (normalized to total ERK; Figure 15A ), phosphorylated AKT (normalized to total AKT; Figure 15B ), phosphorylated Src416 (normalized to the inhibitory form, p-scr529; Figure 15C) , phosphorylated retinoblastoma (normalized to total retinoblastoma; Figure 15D ), cyclin D1 (normalized to b-actin; Figure 15E ), and cyclin A (normalized to b-actin; Figure 15F ). Actual western blots are shown in Figure 16 . Because CXCR4 is coupled to Gi, and G a-i inhibits adenylyl cyclase, we also measured intracellular amounts of 3 0 ,5 0 -cAMP in SHR CFs treated with SDF-1a plus sitagliptin for 4, 8, 24, and 48 hours. As shown in Figure 17 , there was no evidence that CXCR4 signaling inhibits the adenylyl cyclase/3 0 ,5 0 -cAMP pathway in CFs. Taken together, these signal transduction experiments, viewed in the light of our previous studies with the NPY 1-36 / Y 1 receptor pathway, support the signaling network illustrated in Figure 18 .
Discussion
The present study demonstrates that CFs, PGVSMCs, and GMCs express CXCR4 receptors and that stimulation of these receptors with the endogenous agonist SDF-1a increases 3 measures of cellular activation, namely, cellular proliferation, Figure 12 . Bar graphs illustrate the effects of SDF-1a (stromal cell-derived factor 1a; 10 nmol/L, with added sitagliptin at 1 lmol/L to enhance the response) on cell number in the absence and the presence of PP1 (A; 100 ng/mL), rapamycin (B; 10 lmol/L), and LY294002 (C; 10 lmol/L) in preglomerular vascular smooth muscle cells (PGVSMCs) from spontaneously hypertensive rats (SHR). Each set of P values in each panel are from a 2-factor ANOVA (factor A, level of SDF-1a; factor B, level of indicated inhibitor). The interaction P values show that the effects of SDF-1a were blocked by the indicated inhibitor. * , †, ‡, § Significant difference (P<0.05; Fisher least significant difference test) from the first, second, third, and fourth columns, respectively. Values are means and SEM.
hypertrophy, and collagen production. The conclusion that SDF-1a stimulates cell growth is further supported by our mechanistic experiments showing that this cytokine activates robust progrowth pathways in CFs, PGVSMCs, and GMCs. Our findings are consistent with the report by Jie et al 17 that
glucose stimulates the proliferation of aortic vascular smooth muscle cells via the SDF-1a/CXCR4 receptor axis, with the studies by Pan et al 18 showing enhanced proliferation and migration of A10 cells by activation of the SDF-1a/CXCR4 receptor axis, and with the studies by Shao et al 19 showing
that antagonism of CXCR4 receptors reduces collagen formation by and migration of bone marrow stem cells that had been previously induced (by treatment with TGF-b
[transforming growth factor b]) to differentiate into myofibroblasts. The present results, however, are unique in that they illustrate the potent and efficacious effects of SDF-1a on cells directly involved in cardiac fibrosis (ie, CFs) and in cells directly involved in renal fibrosis (PGVSMCs and GMCs). Thus the results of the present study raise the possibility that the SDF-1a/CXCR4 receptor axis contributes to cardiac and renal fibrosis by activating CFs, PGVSMCs, or GMCs.
Is there evidence that the effects of the SDF-1a/CXCR4 receptor axis on CFs, PGVSMCs, and GMCs observed in the present study may translate to increased cardiac and renal fibrosis in vivo? Although there is evidence that knockdown of CXCR4 receptors specifically in cardiomyoctes reduces Figure 13 . Bar graphs illustrate the effects of SDF-1a (stromal cell-derived factor 1a; 10 nmol/L, with added sitagliptin at 1 lmol/L to enhance the response) on cell number in the absence and the presence of pertussis toxin (A; 100 ng/mL), U73122 (B; 10 lmol/L), GF109203X (C; 10 lmol/L), and PD98059 (D; 10 lmol/L) in glomerular mesangial cells (GMCs) from spontaneously hypertensive rats (SHR). Each set of P values in each panel are from a 2-factor ANOVA (factor A, level of SDF-1a; factor B, level of indicated inhibitor). The interaction P values show that the effects of SDF-1a were blocked by the indicated inhibitor. * , †, ‡, § Significant difference (P<0.05; Fisher least significant difference test) from the first, second, third, and fourth columns, respectively. Values are means and SEM.
cardiac fibrosis, 20 studies by Chu et al demonstrated that, in mice, antagonism of CXCR4 receptors reduces cardiorenal fibrosis in mineralocorticoid-induced hypertension 21 and cardiac fibrosis in type 1 and 2 diabetes mellitus. 22 Moreover, experiments by Zuk et al 23 showed that blockade of CXCR4
receptors decreases renal fibrosis due to kidney injury. In addition, Yuan et al 24 reported that CXCR4 receptor expression is increased in ureteral obstruction and that CXCR4 receptor knockout prevents hydronephrosis-induced renal fibrosis. Kazakov and coworkers found that endothelial nitric oxide synthase inhibition induces cardiac fibrosis via the SDF1a/CXCR4 receptor axis. 25 Shao et al 19 noted that in SHR with cardiac fibrosis, SDF-1a levels in the serum and myocardium are elevated. Studies by Sayyed et al 26 demonstrated that in a mouse model of type 2 diabetes mellitus, inhibition of SDF-1a reduces glomerulosclerosis, increases podocytes number, prevents albuminuria, and preserves the peritubular vasculature. Studies by Schober et al 27 and
Zernecke et al 28 show that the SDF-1a/CXCR4 receptor axis augments neointimal hyperplasia in injured coronary arteries. Importantly, in patients, circulating SDF-1a is associated with heart failure 29 and all-cause mortality, 30 and in patients with myocarditis, myocardial levels of SDF-1a are associated with cardiac fibrosis and are the strongest predictor of mortality. 31 The growing body of evidence that the SDF-1a/CXCR4 receptor axis contributes to organ fibrosis underscores the significance of the findings reported in this article.
The current findings also demonstrate that blocking DPP4 augments the progrowth effects of SDF-1a on CFs, PGVSMCs, and GMCs. Likely, the augmentation by sitagliptin of the effects of SDF-1a on CFs, PGVSMCs, and GMCs relates to the ability of DPP4 to metabolize, and thus inactivate, SDF-1a. This conclusion is based on the premises that sitagliptin is a potent DPP4 inhibitor, 32 SDF-1a is an excellent substrate for DPP4, 11 and SDF-1a per se is a potent agonist at CXCR4
receptors, whereas the DPP4 cleavage product of SDF-1a is not. 11 The significance of the interaction-revealed in the present study-between SDF-1a and DPP4 inhibition is underscored by the increasing awareness that DPP4 inhibitors increase the risk of heart failure (for review, see Jackson 33 ), which possibility could be due to accumulation of SDF-1a, leading to cardiac fibrosis in selected patients.
The efficacy of SDF-1a to stimulate CF, PGVSMC, and GMC proliferation, hypertrophy, and collagen production is particularly high in cells derived from genetically hypertensive animals. Moreover, our results clearly delineate a synergistic interaction between DPP4 inhibition and the genetic background of the CFs, PGVSMCs, and GMCs with regard to the ability of SDF-1a to stimulate cellular proliferation, hypertrophy, and collagen production. In other words, there is a 3-way interaction among SDF-1a, DPP4 inhibition, and cellular genetic background on proliferation, hypertrophy, and collagen production by CFs, PGVSMCs, and GMCs. The clinical implication of these observations is that patients with high circulating or local levels of SDF-1a who have a genetic predisposition for hypertension and who are being treated with DPP4 inhibitors for diabetes mellitus would be at greatest risk for SDF-1a/CXCR4 receptor axis-induced organ fibrosis. The corollary of this hypothesis is that CXCR4 antagonists may be particularly useful with regard to preventing organ fibrosis in such patients.
As recently reviewed, 34, 35 evidence shows that in animal models, DPP4 inhibitors have antifibrotic effects in the heart and kidneys. As recently reviewed by Fadini et al, 36 however, the reality is that the putative cardiorenal protective effects of DPP4 inhibitors detected in some preclinical models have not been borne out in large randomized clinical trials, observational studies, or meta-analyses. In fact, the results have been just the opposite of those predicted by in vivo animal studies, namely, that in humans, DPP4 inhibitors may increase the risk of heart failure and renal dysfunction. 33 Indeed, the US Food and Drug Administration (FDA) issued a safety warning of the increased risk of heart failure for both saxagliptin and alogliptin, and the FDA Endocrinology and Metabolic Drugs Advisory Committee concluded that alogliptin increases the risk of hospitalization for heart failure by 6 patients per 1000. As reviewed by Jackson, 33 the disconnect between animal studies versus human outcomes with regard to the protective versus harmful effects of DPP4 inhibitors likely is due to the context-dependent effects of DPP4 inhibitors that, in turn, are the result of the fact that DPP4 inhibitors modify the levels of a large number of biologically active polypeptides. In the present in vitro study, we controlled the "context" of the cells so as to reveal the effects of SDF-1a in DPP4-treated cells from normotensive and hypertensive animals. Why are cells from SHRs more susceptible to the growthenhancing effects of the SDF-1a/CXCR4 receptor axis? It is unlikely that the difference between SHR and WKY cells in this regard is related to CXCR4 receptor expression or to the activity of DPP4. As described in this report, CXCR4 receptor expression and DPP4 activity are comparable in SHR versus WKY cells. A limitation of this conclusion is that a type II statistical error may have masked a significant difference between SHR versus WKY cells. However, because the numerical differences in CXCR4 receptor expression and DPP4 activity in SHR versus WKY cells were minor, even if these differences were real, this would not explain why SHR cells are more susceptible to the growth-enhancing effects of the SDF-1a/CXCR4 receptor axis. The implication, therefore, is that the greater responsiveness of SHR cells must be because the mechanism of action by which the SDF-1a/ CXCR4 receptor axis activates cells is in some way enhanced in SHR cells.
What is the mechanism of action by which the SDF-1a/ CXCR4 receptor axis activates cells? We addressed this question in some detail in the present study. Based on our previous findings regarding the mechanism by which Gicoupled Y 1 receptors stimulate the proliferation of PGVSMCs 15 and CFs, 8 in the current project, we adopted the working hypothesis that release of Gbc via Gi-coupled CXCR4 receptors activates both the PLC/PKC/Src/ERK1/2 pathway and the PI3K/AKT pathway, with convergence at the level of cyclin D1 ( Figure 18) . Indeed, the current findings that inhibition of CXCR4, Gbc, PLC, PKC, Src, ERK1/2, PI3K, or AKT blocks the proliferative effects of SDF-1a in CFs are consistent with this theory. Further corroboration is provided by the observations that SDF-1a increases phosphorylation of Src, ERK1/2, AKT, and retinoblastoma, and increases the expression of cyclin D1 and cyclin A. Consequently, although some of the inhibitors may have off-target effects, we have confidence in our proposed pathway for 4 reasons. First, the types of inhibitors and concentrations of inhibitors used in this study have been used by numerous investigators. Second, a total of 8 different pharmacological inhibitors were used to define an interlocking pathway; therefore, the positive results with all 8 pharmacological inhibitors reinforce the robustness of the conclusion drawn from any one of the inhibitors. Third, the use of RACK1 shRNA also provides confidence in the conclusion that the proposed pathway is valid because RACK1 is known to scaffold the proposed pathway. Fourth, the proposed pathway is further corroborated by changes in expression/activation (by western blotting) of most of the components of the proposed pathway.
Returning to the question of how the signaling scheme outlined in Figure 18 explains the enhanced responsiveness of SHR cells to SDF-1a, we again refer back to our previous findings 8, 15 demonstrating that Gi-coupled Y 1 receptors stimulate proliferation of SHR CFs and SHR PGVSMCs more than WKY CFs and WKY PGVSMCs. In this regard, we discovered that the greater effect of Y 1 -receptor activation in SHR cells is associated with an increased abundance of the scaffolding protein RACK1 in the membrane of SHR CFs and SHR PGVSMCs. 8, 15 Moreover, knockdown of RACK1 attenuates the efficacy of Y 1 -receptor activation to simulate growth of SHR CFs and SHR PGVSMCs. 8, 15 Our most recent findings demonstrate that the underlying cause of the increased membrane localization of RACK1 in SHR PGVSMCs is an enlarged pool of Gbc and PLCb 3 already present there 13 ; this expanded pool of Gbc and PLCb 3 binds and localizes RACK1 to the membrane. RACK1 scaffolds a large set of binding partners that includes Gbc, PLCb 3 , PKC, Src, ERK1/2, PI3K, and AKT, [37] [38] [39] [40] in some cases enhancing the interaction efficiency of the involved signaling components. The present study shows that RACK1 knockdown using an shRNA construct completely abrogates the effects of SDF-1a on proliferation of SHR CFs. A reasonable hypothesis is that the known increased expression of RACK1 in SHR CF membranes 8 organizes the Gbc/PLCb 3 /PKC/Src/ ERK1/2 pathway on the one hand and the Gbc/PI3K/AKT pathway on the other, leading to enhanced SDF-1a-induced cellular proliferation.
Perspectives
An important aspect of this research is that it identifies the ability of the endogenous chemokine SDF-1a to stimulate the proliferation and hypertrophy of and collagen production by CFs, PGVSMCs, and GMCs. These findings provide a scientific basis for the emerging evidence that SDF-1a contributes to cardiac and renal fibrosis. Another key finding is that the ability of SDF-1a to activate CFs, PGVSMCs, and GMCs is augmented synergistically by DPP4 inhibition and genetic background. This suggests that DPP4 inhibitors may, in the long term, increase the risk of organ fibrosis, particularly in genetically susceptible patients. The fact that CXCR4 receptor antagonism blocks all effects of SDF-1a, regardless of the activity of DPP4, the genetic background, or cellular origin, suggests that CXCR4 antagonists may be useful agents to prevent organ fibrosis in hypertensive or diabetic patients treated with DPP4 inhibitors. Finally, the observation that knockdown of RACK1 abrogates the effects of SDF-1a supports the concept that inhibition of RACK1 may also protect against organ fibrosis.
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None. which SDF-1a (stromal cell-derived factor 1a) stimulates cell proliferation. Schematic also shows site of action of inhibitors used to disrupt the pathway. Not shown is the role of RACK1 to scaffold bc, PLC, PKC, Src, and ERK1/2, as well as bc, PI3K and AKT, into signaling complexes. DPP4 indicates dipeptidyl peptidase 4; ERK1/ 2, extracellular signal regulated kinases 1 and 2; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PKC, protein kinase C; PLC, phospholipase C; p-RB, phosphorylated retinoblastoma protein; PT, pertussis toxin; RACK1, receptor for activated C kinase 1. Inhibitors are indicated in red, and signal transduction components probed by western blotting are shown in purple.
